To describe recent advances in the processing of gastrointestinal hormones, and the consequences for human disease of mutations in the enzymes involved.
Introduction
Gastrointestinal peptides are synthesized as preprohormones in enteroendocrine cells, and posttranslational processing of the precursors is required to make mature peptides prior to secretion. Although the prohormones formed after removal of the signal peptide were thought to be devoid of activity, recent data suggests that a variety of gastrointestinal prohormones may be biologically active. Examples include the precursors of gastrin, gastrin-releasing peptide (GRP), secretin and vasoactive intestinal peptide. Cancer cells often lack components of the 'processing machinery' that produces mature peptides and thus the incompletely processed forms predominate. The crucial importance of the processing enzymes has been recently emphasised by the demonstration that their mutation is responsible for several different pathophysiological conditions in humans. This review discusses new advances in our knowledge of the relationship of peptide processing to biological activity and to human disease, with particular reference to the gastrointestinal hormones gastrin and GRP.
Posttranslational processing: the generation of biologically active fragments of prohormones
Posttranslational processing begins with the cleavage of the signal peptide to form a prohormone. The prohormones then undergo proteolytic cleavages, which are catalyzed by two types of proteolytic enzymes: endopeptidases and exopeptidases. Endopeptidases (prohormone convertases) usually cleave after double basic amino acid residues (e.g. Lys-Lys), although their specificity is influenced by the adjoining sequence [1 ]. The family of mammalian prohormone convertases now contains nine members, called PC1/3, PC2, furin, PC4, PC5/6, PACE4, PC7, SKI-1 and PCSK9 [2 ], at least three of which are expressed in the gastrointestinal tract [3] . Exopeptidases such as carboxypeptidase B or E then remove basic residues from the new carboxyl terminus formed after endopeptidase cleavage. Recently, the importance of the tissue specificity of endopeptidase expression for generating various cell-specific prohormone precursors has been demonstrated by the finding that cholecystokinin (CCK) is processed by different prohormone convertases in the brain and the intestine [4 ]. Using PC1/3 and PC2 null mice, Rehfeld et al. [4 ] demonstrated that PC1/3 governs CCK processing in intestinal endocrine cells, whereas PC2 is involved in the processing of CCK in neuronal cells.
Following cleavage, peptides are amidated at the C-terminus by the enzyme peptidylglycine a-amidating monooxygenase (PAM) [5] . Peptide amidation is often required to achieve full biological activity, as the presence of an amide group can significantly increase the affinity of the peptide for its receptor as in the case of GRP [6] . Although C-terminally amidated peptides were thought to be the only biologically active forms, there is an increasing number of examples where a glycineextended intermediate is also bioactive, for example gastrin-gly [7], secretin-gly [8], vasoactive intestinal peptide-gly [9], GRP-gly [10], glucagon-like peptide-1-gly [11] and substance P-gly [12] .
Progastrin
There are three dibasic cleavage sites within the progastrin molecule (Fig. 1 ). Cleavage following Arg36-Arg37 generates the N-terminus of gastrin34, cleavage following Arg73-Arg74 releases the C-terminal flanking peptide (CTFP), and cleavage following Lys53-Lys54 yields the N-terminus of gastrin17. The prohormone convertases responsible for cleavage at each site within the immature Golgi vesicles have only recently been determined using knockout mice. Using PC1/3 null mice, Rehfeld et al. [4 ] demonstrated that processing begins with PC1/3, which is solely responsible for cleavage after Arg36-Arg37. Subsequently, PC1/3 cleaves after Arg73-Arg74, whereas later on PC2 partially cleaves after Lys53-Lys54 to produce gastrin17 [13] . Furthermore, PC5/6 was found not to play a significant role in the maturation of progastrin within G cells.
Although amidated gastrin17 and gastrin34 were initially the only recognized biologically active peptides derived from progastrin, interest in the past decade has focussed on nonamidated forms of the hormone. Recombinant progastrin has been produced in bacteria by two groups, and shown to stimulate proliferation and migration of a variety of gastrointestinal cell lines [14, 15] . Glycineextended gastrin17 is also biologically active in cell lines [16] , albeit via a different receptor from amidated gastrins, and activity requires the presence of ferric ions [17] . The in-vitro data is in agreement with experiments in transgenic animals, in which overexpression of progastrin or glycine-extended gastrin17 resulted in hyperproliferation in the colonic mucosa [18, 19] . Infusion of gastrin-gly replicates the colonic hyperproliferation observed in transgenic mice [20] . In contrast overexpression of amidated gastrin17 resulted in hyperproliferation in the gastric mucosa [18] . Importantly, the nonamidated forms are the major type of gastrin present in colorectal cancers [21] .
The C-terminal flanking peptide (CTFP) of progastrin is also biologically active [22] . Initially, CTFP was found in similar concentrations to amidated gastrin17 in the circulation [23] . A newly developed antiserum was used to demonstrate that CTFP was the predominant progastrinderived peptide in the antrum (four-fold higher than amidated gastrins) and circulation (60-fold higher than amidated gastrins), and was released after meal stimulation [22] . The observation that CTFP concentrations were unaltered in patients with multiple endocrine neoplasia type 1 or pernicious anemia, even though plasma amidated gastrins were elevated, demonstrated that the two peptides were differentially secreted after cleavage from progastrin. The CTFP was also shown to stimulate proliferation and migration, and activation of the mitogen-activated protein kinase pathway, in several gastrointestinal cell lines [22] .
In the future, gastrin research should also focus on N-terminal fragments of progastrin. Such fragments, including gastrin1-35, gastrin6-35 and gastrin20-35, have been detected in both normal antral mucosa [24] and gastrinoma extracts [25] [26] [27] . Although the biological activity of the N-terminal progastrin fragments has not yet been examined, residues 1-35 are not required for cellular sorting to the secretory pathway and subsequent regulated secretion of gastrins [28] . The observation of an intriguingly high concentration of gastrin1-35 in the circulation compared to amidated gastrin17 [29] suggests that the biology of N-terminal progastrin fragments should be examined as well as their metabolism.
Gastrin-releasing peptide
Gastrin-releasing peptide (GRP) belongs to the bombesin-like peptide family, which consists of at least 13 closely related peptides. Although the endopeptidase that processes the 125 amino acid prohormone (proGRP) after Lys29-Lys30 ( Fig. 1) has not been identified, processing has been postulated to be mediated by either PC1/3 or PC2 [30] . Following endopeptidase cleavage, a carboxypeptidase B-like activity removes the two Cterminal basic residues giving rise to the glycineextended form, GRP 1-28 , which is then amidated to GRP 1-27 amide by the amidation enzyme PAM. Finally, cleavage after Arg17 produces GRP [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] (GRPamide). proGRP itself is now known to be biologically active as a growth factor for several cell lines of divergent origin [31] . Comparison of proGRP sequences between species indicated that blocks of homology in addition to GRP [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] were also present in the C-terminal region of proGRP [32]. Recombinant peptides including proGRP31-125 and proGRP42-98 were then expressed in bacteria, purified, and shown to stimulate proliferation in several cell lines independently of the GRP receptor [33, 34] . Using a newly developed antiserum directed to the N-terminus of human proGRP, proGRP immunoreactivity was detected in all of the endometrial, prostate and colon cancer cell lines tested and in nine out of 10 resected colorectal carcinomas [31] . The presence of additional cleavage sites within the C-terminal extension peptide (proGRP31-125) raises the possibility of multiple peptides being generated from the processing of proGRP by endopeptidases.
Processing enzymes in human disease
The crucial importance of peptide processing enzymes has recently been emphasized through the study of knockout mice [35, 36 ] , and by the demonstration of mutations in prohormone convertases in several human conditions (Table 1) [37,38 -40 ,41,42] ,. The potential pathologies include Alzheimer's disease, obesity, diabetes, lipid disorders, infection and tumorigenesis [2 ,35] .
PC1/3
Mutations in the PCSK1 gene that encodes prohormone convertase1/3 have now been described in three patients with the common symptoms of hyperphagia, obesity and persistent diarrhea [37, 43, 44] . A recent study of single nucleotide polymorphisms in a large group of Europeans further revealed that the PCSK1 mutations Asn221Asp and Gln665Glu-Ser690Thr were consistently associated with obesity in children and adults [38 ] . Surprisingly, none of the mutations appeared to affect maturation or secretion of the enzyme, and only the Asn221Asp mutation reduced enzyme activity (by 10%). In mouse models, although mutation of the adjacent residue Asn222Asp also results in increased body fat content and mature onset obesity [45] , global deletion of the PCSK1 gene did not cause obesity when animals were fed a diet containing normal concentrations of fat [46, 47] .
Furin
Furin has recently been found to mediate the release of soluble hemojuvelin from its membrane-bound precursor [48, 49] . The importance of hemojuvelin in iron homeostasis is demonstrated by the fact that mutations in the hemojuvelin gene result in reduced production of the iron regulatory peptide hepcidin and hence to juvenile hemochromatosis [50] . Furin is also directly involved in the processing of hepcidin from its precursor [51 ] . The connection between furin and iron may have important implications in the development of Alzheimer's disease as iron attenuates the production of furin, which in turn impairs the ability of a-secretase to produce the neuroprotective form of the amyloid protein precursor [52] . Although absence of furin in mice as a result of PCSK3 null mutation results in embryonic lethality [53] , conditional deletion of the PCSK3 gene from mouse T cells resulted in reduced transforming growth factor b1 (TGFb1) production and impaired regulatory and effector T cell function. In particular Treg cells were less protective in a T cell transfer colitis model [39 ] .
PC5/6
A mutation in the mouse PCSK5 gene has recently been identified as the cause of a phenotype that includes cardiac, tracheoesophageal, anorectal and anteroposterior patterning defects, and hindlimb and pulmonary hypoplasia [40 ] . Mutations in the human PCSK5 gene were identified in patients with the multisystemic features of the VACTERL association (OMIM 192350: vertebral anomalies, anal atresia, cardiac malformations, tracheoesophageal fistula, renal anomalies and limb anomalies) and caudal regression syndrome [40 ] . The phenotype was ascribed to a failure of the mutant PC5/6 to cleave and activate growth differentiation factor 11 (GDF11), which is a member of the TGFb family responsible for anterior-posterior patterning in the embryo [54 ] .
PC9
A considerable body of work over the last decade indicates that mutations in the PCSK9 gene result in low circulating concentrations of LDL cholesterol, which in turn protect against coronary heart disease (see [41, 55] for reviews). Conversely, gain of function mutations reduce the concentration of the hepatic LDL receptor, with a consequent increase of plasma cholesterol and increased susceptibility to coronary heart disease [41, 55] . The recent determination of the structure of the complex Carboxypeptidase E CPE Obesity Not identified [42] between PC9 and the epidermal growth factor (EGF)-A domain of the LDL receptor opens the way for the development of selective inhibitors of the PC9/LDL receptor interaction [56] . Targetting PCSK9 gene products with siRNA also shows promise as a therapy for hypercholesterolemia [57] .
Carboxypeptidase E
Mice with a mutation in the gene encoding carboxypeptidase E develop hyperglycemia and obesity [42] .
Although the phenotype has been ascribed to defective prohormone processing of proinsulin in particular, recent work also indicates an unexpected structural role for carboxypeptidase E. Thus, interaction of the cytoplasmic tail of carboxypeptidase E with dynactin and the microtubule motor kinesin may assist in transport of vesicles containing peptide hormones to the cell membrane [58, 59] .
Processing enzymes in cancer
Abnormal expression and processing of prohormone convertases has been demonstrated in both animal models and human cancers [60] . Recently, overexpression of furin was shown to increase cancer cell motility and invasiveness [61 ] . These observations led to the identification of a small-molecule furin inhibitor, named B3, which could potentially be used as a novel cancer therapy [61 ] . Moreover, some hormones have also been shown to upregulate prohormone convertase expression and thus contribute to cancer progression. For example thyroid hormone was found to promote cell invasion by increasing the expression of furin in human hepatoma cell lines [62] . Finally, as the amidation enzyme PAM is essential for the production of a-amidated peptides, the expression of PAM has been used as a marker of bioactive peptides in a number of cancers including prostate [63] , glioblastoma [64] and lung [65] .
As mentioned earlier, prohormone convertases are involved in the cleavage of peptide precursors to produce growth factors, which may be directly involved in cancer development and metastasis by regulating cell growth and survival in an autocrine or paracrine manner [66, 67] . Prohormone convertases are also involved in activation of growth factor receptors such as the receptor for insulin-like growth factor-1 [68] . Hence selective inhibition of prohormone convertases has great potential as a cancer therapy [61 ,69 ] . At the same time the possibility must be kept in mind that the continuous production of bioactive precursors acting via independent receptors may also contribute to tumor development in cells and tissues in which prohormone processing is faulty because of lack of the full suite of processing enzymes.
Conclusion
The phenotypes of prohormone convertase-deficient mice and the association between prohormone convertase mutation and human disease independently confirm the crucial role played by prohormone convertases in processing of gastrointestinal prohormones. Alterations in the prohormone processing machinery in cancer cells could potentially lead to an excess of hormone precursor forms which may then contribute to cancer progression. The fact that the bioactivity of many prohormones is mediated by receptors distinct from those utilized by the corresponding mature hormones may permit the use of prohormone-selective antagonists in conditions such as obesity, neural degeneration and cancer.
Papers of particular interest, published within the annual period of review, have been highlighted as: of special interest of outstanding interest Additional references related to this topic can also be found in the Current World Literature section in this issue (p. 93). 
